Abstract-Airborne dual-polarization observations of sea surface normalized radar cross section (NRCS) were conducted over the North Atlantic during January-February 2011. Observations were made using the University of Massachusetts' Imaging Wind and Rain Airborne Profiler radar system installed on the National Oceanic and Atmospheric Administration's WP-3D research aircraft during several winter storm events to determine the highwind response of the sea surface NRCS for both horizontal and vertical polarizations. During the flights, the aircraft performed several constant-roll circle maneuvers to allow collection of NRCS over a range of incidence angles. We find consistency with prior reports in the polarization ratio observed at moderate incidence angles at the winds encountered. For larger incidence angles, we observe a measurable decrease in polarization ratio with increasing wind speed.
S
ATELLITE-borne observations of sea surface backscatter are routinely used to estimate winds. Currently, the Advanced Scatterometer aboard the European METOP-1 satellite measures sea surface winds using C-band vertical polarization. The Canadian RADARSAT-2 SAR instrument also operates at C-band measuring both V-and H-polarizations. Though primarily designed for high-resolution imaging, there have been a number of recent efforts to infer wind speed and direction from C-band RADARSAT SAR imagery [1] , [2] , most recently on the potential utility of cross-polarized measurements [3] , [4] . Use of C-band is also being explored in designs for a future US scatterometer to replace the now-defunct Ku-band QuikSCAT instrument. As C-band is less prone to attenuation in precipitation, it is more robust in the presence of rain than is Kuband. However, since Ku-band offers finer spatial resolution for a given antenna size, future scatterometry missions are expected to incorporate both frequencies.
TABLE I C-BAND RADAR PARAMETERS
During January and February 2011, a series of flight experiments was conducted over the North Atlantic in extratropical storms to obtain observations of the sea surface under strong wind forcing. In particular, it was desired to extend rainfree high-wind normalized radar cross section (NRCS), or σ 0 , observations at VV-and HH-polarizations to incidence angles near and beyond 60
• . In this letter, we briefly describe the radar instrumentation, flight experiments, and the results of several circle flights, from which the incidence angle and azimuthal dependence at one C-band frequency were investigated.
II. EXPERIMENT DESCRIPTION
The Imaging Wind and Rain Airborne Profiler (IWRAP), initially described in [5] , is a dual-frequency conically scanning Doppler radar developed by the Microwave Remote Sensing Laboratory at the University of Massachusetts (MIRSL) that is routinely installed on the National Oceanic and Atmospheric Administration's (NOAA) WP-3D research aircraft. IWRAP is primarily designed to study the signature of the ocean surface under wind forcing. Two radars (one C-band and one Ku-band) scan at two incidence angles each, typically between 20
• and 50
• . Each radar is capable of implementing up to four simultaneous beams; however, two simultaneous beams per radar are the normal mode of operation. Both VV-and HH-polarizations are available and are selected based upon mission requirements. The radar beam widths vary depending upon the selected incidence angle owing to properties of the frequency-scanning antenna but are typically in the neighborhood of 10
• . For the Winter 2011 mission, IWRAP was configured to measure VVand HH-polarizations by rapidly toggling between them during each azimuthal scan. Table I summarizes the C-band radar parameters during data collection.
The IWRAP geophysical model function (GMF) was developed for several fixed incidence angles between 30
• at VV-and HH-polarizations [6] . The goal of the Winter 2011 experiment was to obtain rain-free sea surface NRCS observations 1545-598X/$31.00 © 2012 IEEE • and 60
• at both VV-and HH-polarizations. The most expedient means to accomplish this is to fly the aircraft in a circular pattern at a constant roll angle. This way, the conically scanning beam impinging on the sea surface traces out an ellipse with incidence angles varying with the azimuthal scan angle. The range of incidence angles encountered is given by the nominal (level flight) incidence angle plus or minus the roll angle. Since the incidence angle varies with the azimuthal angle and since the NRCS also varies with azimuth angle (relative to the wind direction), a circle pattern ensures that all incidence angles are observed from all directions.
Surface wind speeds were simultaneously measured with the stepped-frequency microwave radiometer (SFMR) [7] operated by the NOAA Aircraft Operations Center aboard the WP-3D aircraft. Since the SFMR is a nadir-looking instrument, we use the mean wind speed from the retrievals before and after a roll as the wind speed during a roll. Several missions were flown out of Halifax, NS during January-February 2011; Table II contains a summary of the Winter 2011 flight experiment.
III. DATA PROCESSING METHODOLOGY
During the Winter 2011 experiment, the IWRAP radar alternated between polarizations by transmitting a sequence of 126 pulses in each polarization. Raw I-and Q-channel samples were collected and recorded. In postprocessing, some of these data were subject to pulse compression; Doppler spectrum moments were then accumulated over each 126-pulse block using pulse-pair methods [8] . The resulting profiles of backscatter and Doppler velocity are available at a rate of approximately 60 Hz per polarization. Given the azimuthal scan rate of the antenna, there are approximately 60 radials in each 360
• scan of the antenna (one per second). The resulting profiles are then merged with navigation parameters (pitch, roll, drift, etc., available at a 40-Hz rate) and simultaneous surface wind speed estimates from the SFMR (available at a 1-Hz rate).
Once merged, the data are sorted by incidence and azimuth angles. The incidence angle is derived from navigation parameters and antenna azimuth information using methods described in [9] . This is checked for consistency against a separate radar estimate from the arc-cosine of the ratio of the slant range to the surface echo and the aircraft altitude. Similarly, antenna azimuth is verified by a check against the observed Doppler shift from the sea surface after appropriate transformations for pitch, roll, and drift.
Although a range of incidence angles may be observed during the circle patterns, there is a small source of error due to polarization mixing. That is, given the finite roll angle, the polarization incident upon the sea surface is only truly the polarization transmitted and received at the extreme incidence angles (when the antenna is scanning to the side of the aircraft). A small correction is applied given the aircraft attitude and antenna azimuth to account for this mixing.
NRCS is estimated from the echo using a pulse-limited surface area given an estimate of the transmitted power provided by an internal calibration loop. Although 126 points are averaged to obtain an NRCS estimate, the number of independent samples is approximately 7-8. Any profile with a measurable precipitation echo in the atmosphere between the aircraft and surface is considered to be contaminated by rain and is discarded.
Upon averaging many estimates, residual biases are inevitably observed in the data due to uncompensated system losses (e.g., feed lines, wet radome from previous flight through rain, etc.). A final adjustment is applied to the NRCS observed during a particular flight. For each circle during the flight and at each polarization, the difference between the observed mean NRCS and a known GMF at a known incidence angle and wind speed is computed. The mean adjustment is then applied to all circles in the flight. The wind speed used for each calculation is the mean wind speed observed within its wind speed group; it is obtained from the SFMR and is indicative of the neutral stability wind speed at a 10-m height. The model function used is the IWRAP model, valid for VV-and HH-polarizations but only at specific incidence angles [6] . The incidence angle used is the largest incidence angle available for the GMF at the corresponding polarization.
IV. RESULTS Fig. 1 shows a summary of data collected by the C-band VV-polarization radar during one of the circle patterns flown on January 24, 2011. The top panel shows NRCS as a function of the computed incidence angle (but for all aircraft headings, hence all wind directions). The individual NRCS samples collected during the circle pattern are shown as gray dots. The mean, shown as a solid line, indicates the mean NRCS-the A 0 term in the typical scatterometer directional signature, i.e.,
where χ is the wind-relative look direction. This and subsequent mean NRCS lines do not necessarily match up with the Polarization ratio models from [3] , [4] , and [11] are also shown for reference.
IWRAP GMF at 50
• ; this is a result of applying one final adjustment per polarization to all NRCS from this flight. When the aircraft heading is added to the track-relative azimuth, one obtains the compass direction. The bottom panel shows the NRCS versus compass direction, revealing the scatterometer directional signature of (1). The mean NRCS over compass direction for approximately 50
• incidence at 22.5 m · s −1 is shown as a solid line. The CMOD5.N [10] and IWRAP VVpolarization GMFs are also shown. Since the IWRAP GMF is only defined for a few incidence angles, its values are shown as unconnected filled circles. Fig. 2 shows a summary of the mean NRCS over all observation directions, or the A 0 term in (1), as a function of incidence angle for all dates in the Winter 2011 experiment at C-band at both VV-and HH-polarizations. For a given wind speed range, each data point is the A 0 value for one circle pattern at one polarization at one incidence angle, ±0.5
• . The mean of these points is shown as a solid line. In addition, shown are the A 0 values for the IWRAP model function at the incidence angles for which it is defined and the CMOD5.N model function averaged over all azimuth angles. The data in the lowest wind speed group show more scatter than the higher wind speeds. This is influenced by the increased uncertainty in wind speed retrieval from the SFMR below about 22 m · s −1 . The VV-polarization data compare well with both the CMOD5.N and IWRAP A 0 at all incidence angles shown and over all wind speeds sampled. The IWRAP HH model function compares well with the HHpolarized data for the larger two incidence angles shown; however, the IWRAP HH GMF differs from the observations at the smallest incidence angle shown. The trend in NRCS over incidence angle observed during the Winter 2011 experiment is consistent with that of CMOD5.N. Fig. 3 shows the polarization ratio as a function of incidence angle for all dates in the Winter 2011 experiment at C-band. For a given wind speed range, the gray circles are the ratio VV/HH of the mean A 0 at each incidence angle for one complete circle. The wind-speed-independent polarization ratio models from [3] , [4] , and [11] are also shown. In the lowest two wind speed groups, the ratios observed in the Winter 2011 data match reasonably well with the ratio from [3] and with Model 1 from [4] for incidence angles greater than 40
• . As the wind speed increases, the incidence angle dependence on polarization ratio decreases and cannot be represented by any of the models shown. At incidence angles below 40
• , the ratio begins to slightly flatten out. We expect that the ratio should continue to trend toward unity as the incidence angle approaches nadir. This divergence from the models may be anticipated; we note that both the ratios from [3] and Model 1 from [4] reach unity around 20
• incidence. Assuming a constant wind field over the area sampled during the circle pattern, the NRCS directional signature can be investigated. Fig. 4 shows NRCS versus wind-relative azimuth angle (χ) at 50
• incidence for the same wind speed bins and in the same manner as in Fig. 2 (see Tables III and IV) . The scatterometer directional signature of (1) is visible in all plots. As expected with increasing wind speed, the amplitude de- Table V . The polarization ratio from [3] at 50 • is shown for reference as a horizontal dashed line.
creases, and wind direction is more difficult to unambiguously determine. In addition, shown are the CMOD5.N and IWRAP GMFs at 50
• incidence. Fig. 5 shows the polarization ratio as a function of windrelative azimuth angle at 50
• incidence. The data points from each circle flight are shown as gray circles. The function A + B cos χ + C cos 2χ is fitted to the mean and is shown as a solid line; the coefficients for each fit are reported in Table V . For reference, the polarization ratio from [3] at 50
• incidence is shown as a horizontal dashed line. There is a small but measurable wind-directional signature in the polarization ratio data from the Winter 2011 experiment. This is consistent with earlier observations [4] , [6] , [12] . There was no analytical relationship for polarization ratio as a function of azimuth angle proposed in [4] . Moreover, while an analytical relationship with azimuth angle dependence was proposed in [12] , it is only valid between 10
• and 43
• incidence. As a result, we only verify the observations in [4] and [12] that the polarization ratio appears to have a maximum in the downwind direction for the wind speeds and incidence angles sampled.
V. SUMMARY
We have reported observations of the dual-polarized sea surface NRCS at C-band under high winds (from 20 m · s to 36 m · s −1 ) over a range of incidence angles (from 32
• to 60
• ). We find that the polarization ratio behavior at lower wind speeds is well described by the expression in [3] , even when extrapolating beyond their measurements. However, in all wind speed groups, we observe that the slope of the polarization ratio in decibels appears to change more drastically than indicated by recent models. We also observe dependence of polarization ratio on wind speed; as wind speed increases, the slope of the polarization ratio in decibels as a function of incidence angle decreases. Finally, we observe a small but measurable wind-directional signature in the polarization ratio, which is consistent with earlier observations [4] , [6] , [12] .
